Abstract-Utilizing
a wide range of variations in the selected samples of biological tissues from the series of microscopy images [3] [4] [5] , [17] . The major application in frame of these studies has been focused on the diagnosis of the biological tissues at different stage of cancer as well as pre-cancerous human tissues with fibrillar structure of polycrystalline networks. Pathological malformations in such tissues are typically accompanied by a significant changes in the phase anisotropy and/or birefringence properties due to the spatial transformation of optical axes of the protein fibrils [4] , [18] , [19] . It has been demonstrated that statistical analysis of 'one-point' spatial distributions of the polarization azimuth and ellipticity values, obtained from microscopy images of optically thin tissues, as well as the analysis of polycrystalline layers of biological fluids, are quite effective when an assessment of pathological progression is required [10] [11] [12] , [18] , [19] . The disadvantage of this approach is the lack of data corresponding to the spatial consistency (degree of correlation) of the polarization parameters at different points in the phase-inhomogeneous object field of biological layers. The theoretical basis for obtaining such data is presented in Ref. [20] . Here, a new analytical parameter -the complex degree of mutual polarization (CDMP) is introduced to characterize the correlation structure of polarization-inhomogeneous fields. CDMP characterizes the correlation consistency degree of polarization states (azimuth and ellipticity) at various points of the optical field. This theoretical polarization-correlation approach has been generalized in frames of the polycrystalline structure analysis. Further, this method has been successfully experimentally tested for differentiation of pathological changes in their optical anisotropy [21] [22] [23] [24] [25] [26] . Also, the generalization of the CDMP-analysis of polarization-inhomogeneous object fields of biological layers using the "two-point" formalism of the Stokes vector has been theoretically introduced in [27] , [28] . However, a number of unsolved problems remain in the field of polarization correlometry:
i) the absence of a unified experimental methodology for the parameters distributions mapping on the basis of the synthesis of traditional Stokes-Polarimetry and Stokescorrelometry; ii) the possibility of diagnostics of weak changes in optical anisotropy of a more wider (comparing to the fibrillar) morphological class of biological tissues. The importance of these problems solving is due to the fact that in reality, the most of human organs, including liver, stomach, pancreas, spleen, and lungs, have a parenchymal structure, when optical anisotropy are formed by spatially separated within the tissue localized areas. The polarization changes associated with birefringence for such optically heterogeneous structure are very small. Therefore, the application of mentioned above statistical approach for such tissue samples is less effective. Thus, further developments of optical polarimetry for tissue diagnosis focused on screening of the parenchymatous tissues and quantitative assessment of the optical anisotropy changes associated with malformations of tissues are expected.
In current paper we present the fundamentals behind of the laser Stokes-polarimetry approach and consider its application, utilizing polarization-correlation mapping of microscopy images of the histological sections of parenchymatous biological tissues, determining the spatial distribution of 'two-point' Stokes vector parameters.
II. THEORY OF THE METHOD
The following assumptions are based on the theoretical model of the Stokes-correlometry method of polarizationinhomogeneous object fields of biological tissues layers: 1) To describe the correlation structure of the stationary distributions of the fields of complex amplitudes of laser light converted by optically anisotropic biological layers, the following mutual spectral density matrix is used [27] , [28] :
Here, r 1 and r 2 are the coordinates of the neighboring points in the laser radiation field. Using this matrix operator the following expression for the "two-point" Stokes vector parameters can be obtained:
where,
Using relations (2)-(6) the following equations for "twopoint" Stokes vector parameters (hereinafter Stokescorrelometry parameters -SCP) calculation can be obtained:
2) Let us consider the object field of an optically anisotropic biological layer. The complex amplitudes E(r) of each point r of such a field are described by Jones vector [4] , [26] :
Here, tgρ(r) =
and δ(r) = (δ y − δ x )(r) is the phase shift between the orthogonal components (|E x |(r), |E y |(r)) of laser wave amplitude. 3) Taking into account (11) the equations (7)- (10) can be rewritten as: 
; 
.
The analysis of the obtained relations (20)- (23) revealed: i) in case of weak phase fluctuations δ 1;2 the value |S 1−4 |(r 1 , r 2 ) are predominantly determined by the components which are functionally depends on the parameters ρ 1;2 ; ii) the value ArgS 1−4 (r 1 , r 2 ) has a complex dependence on δ 1;2 and ρ 1;2 in the points of the object field of the optically anisotropic biological layer. 6) The detailed analytical and experimental analysis of the polarimetry of the 3rd and the 4th 'two-point' Stokes vector parameters can be potentiality used in further experiments. This assumption is based on the fact that the first Stokes-vector parameter S 1 (r) characterizes the full intensity at the point r, while the second S 2 (r) and the third S 3 (r) parameters are responsible for the characterization of the changes in polarization azimuth and ellipticity. The fourth Stokes-vector parameter S 4 (r) characterizes the value of polarization ellipticity. Let us define the characteristic values and ranges of the values of the 3rd and the 4th parameters of the two-point Stokes vector, as well as their modulus and phase. As an object of study, we consider an optically anisotropic biological layer. It forms the value of the phase shift δ(r) and the ratio ρ(r) between the orthogonal components of the amplitude |E x |(r), |E y |(r). Let us consider (without reducing the completeness of the analysis) that such a layer is illuminated by the linearly polarized beam with azimuth −0 0 (E 0 = ( 1 0 )). Table I presents the characteristic values of the "two-point" parameters S 3;4 (r 1 , r 2 ) (relations (7)- (15)) and components of the Stokes vector |S 4 |(r 1 , r 2 ) and ArgS 3;4 (r 1 , r 2 ) (relations (17)- (19)) for different polarization states at the points r , r 2 of the object field of such a layer.
The data given in Table I determines the range of variation of the parameters |S 3;4 |(r 1 , r 2 ) and ArgS 3;4 (r 1 , r 2 ), depending on the change in the coordinate structure (r 1 , r 2 ) of the polarization states (ρ 1;2 , δ 1;2 ) of the object field of the optically anisotropic layer:
Further, the coordinate (Δr ≡ Δx; Δy) distributions |S i=3;4 (Δx; Δy)| will be called SCP "orientation maps", and Arg(S i=3;4 (Δx; Δy)) -the SCP phase maps.
The described assumptions will be used for the analysis of experimental data of the Stokes-correlometry method of object fields of histological sections of real biological tissues.
III. METHOD AND MATERIALS
Measurements of the coordinate distributions of the values of parameters |S i=3 (Δx; Δy)|, Arg(S i=3 (Δx; Δy)), | S i=4 (Δx; Δy)|, and Arg(S i=4 (Δx; Δy)) were carried out in the experimental arrangement of Stokes-polarimeter. Fig. 1 demonstrates the optical scheme of the Sokes-polarimeter [4] , [18] , [19] . Biological tissue sample were illuminated by parallel (Φ = 2 × 10 3 μm) low-intensity (W = 5.0 mW) He-Ne laser (l = 0,6328 μm, Laser, Edmund Optics, USA). Polarization light-source consists of quarter-wave plate (Achromatic True Zero-Order Waveplate (APAW 15 mm, Astropribor, Ukraine) and polarizer (B + W XS-Pro Polarizer MRC Nano, Kaesemann, Germany). Polarization images of biological layer were projected into the plane of the light-sensitive plate (m × n = 1280 × 960 pixels) of CCD-camera (DMK 41AU02.AS, The Imaging Source, Germany) by polarization microobjective (CFI Achromat P, focal length -30 mm, numerical aperture −0.1 increase -4×, Nikon, Japan).
Analysis of the images of biological layers 6 was carried out using polarizer and the quarter-wave plate (see Fig. 1 ).
The measuring method for the modulus |(S i=3;4 (Δx, Δy))| and the phase Arg(S i=3;4 (Δx, Δy)) of the SCP consists of the following steps: 
Here I 0 and are the intensities of polarizer transmission plane at 0 0 and 90 0 orientation; δ i is the phase shift between the orthogonal components of the laser radiation amplitude in the points with coordinates r 1 and r 2 .
Optically thin (attenuation coefficient τ = 0.01) histological sections of biological tissues (thickness l = 25 μm ÷ 30 μm 0.0093 ≤ τ ≤ 0.0099) taken from two statistically significant (39 samples each) groups of rats healthy and diabetic ones (21 days) were examined: r kidney tissue -structured tissue with optically anisotropic birefringent collagen network; r liver tissue -parenchymatous tissue with disordered optically anisotropic protein "islets". Histological sections of tissue samples were prepared by standard freezing microtome approach.
A. Statistical Analysis
To assess the distribution of random values of q = { |S i = 3 ;4 (Δx;Δy )| Arg (S i = 3 ;4 (Δx;Δy )) a set of statistical moments of the 1st to 4th order is calculated [4] , [18] , [19] .
Here, N is the number (1280 × 960) of pixels at the digital camera.
B. Correlation Analysis
To calculate the average value within all n lines (1, . . . , m) of the photosensitive plate of CCD-camera (see Fig. 1 ) the autocorrelation functionK(Δx) with scanning step Δx = 1 pix of distributions of the q parameters values was used [9] , [13] , [17] :
Here,q is the average value of the set q.
C. Fractal Analysis
Fractal analysis was performed by calculating the logarithmic dependences (log J(q) − log(ν)) of power spectra of random values q distributions. Here v = d −1 is the spatial frequencies defined by the geometrical size (d) of the structural elements of SCS-maps of the polarization-inhomogeneous image of the biological layer. Then, dependences log J(q) − log(ν) are approximated into curves Φ(η) by least squares method. The classification of the coordinate distributions was performed by the appearance of the obtained curves [4] , [18] , [19] : (1), (2), (3), (4)) and pathologically changed ( (5), (6), (7), (8) 
IV. RESULTS AND DISCUSSION

A. SCP Modulus and Phase Maps of Polarization-Inhomogeneous Images of Histological Sections of Rat Kidney
To compare the theoretical (relations (16)- (23)) and experimental data, irradiation of samples of tissues of internal organs of rats was carried out by a plane-polarized beam with azimuth 0 0 (E 0 = ( 1 0 )). In a same manner Fig. 4 and Fig. 5 are shows the SCP-maps of the phase Arg(S i=3 (Δx; Δy)) and Arg(S i=4 (Δx; Δy)) values distribution of microscopic images for healthy and diabetic kidney samples. Statistical analysis of SCP modulus |S i=3;4 (Δx; Δy)| maps structure of polarizationinhomogeneous images for kidney samples of both types showed different localization of extremes and half-width of corresponding histograms N (|S i=3;4 (Δx, Δy)|) (normal, see Fig. 2 and Fig. 3 , fragments (2) and N (|S i=3;4 (Δx, Δy)|)), (diabetes, see Fig. 2, Fig. 3 fragments (6) ). The obtained results can be explained by the following reasons. Due to weak phase modulation, the object field of the histological sections turns out to be sufficiently polarization-homogeneous with respect to the most probable value E 0 = ( 1 0 ). According to the data presented in Table I , the most probable value in the distributions (1), (5), histograms (2), (6), autocorrelation functions (3), (7), logarithmic dependences of power spectra (4), (8)) of SCP phase Arg(S i = 3 (Δx; Δy)) of polarization-inhomogeneous images of histological sections of a healthy ( (1), (2), (3), (4)) and pathologically changed ( (5), (6), (7), (8) (4)) and pathologically changed ((4), (5), (7), (8) of the random magnitude of SCP orientation maps turns out to be |S i=3;4 (Δx, Δy)| = 1. The SCP modulus |S i=3;4 (Δx, Δy)| values (see Fig. 2 and Fig. 3, fragments (1) , (5)) are primarily defined by the relations ρ 1;2 between the orthogonal parts of complex amplitudes of neighboring points r 1 and r 2 of the histological section plane (equations (22), (23)). In kidney tissue with spatially structured collagen fibrils network differences between the ρ(r 1 ) and ρ(r 2 ) are minor (ρ(r 1 ) − ρ(r 2 ) → 0) for the neighboring points (the scanning step Δr = 1 pix = 2 μm). Thus, the following boundary values of modulus |S i=3 (Δx, Δy)| → 0 (equation (22)) and |S i=3 (Δx, Δy)| → 0 (equation (23)) are quite probable. So, they form the core extremes of histograms N (|S i=3;4 (Δx, Δy)|) and N * (|S i=3;4 (Δx, Δy)|) (see Fig. 2 and Fig. 3 , fragments (2), (6)). However, for real kidney tissue there is always a certain amount of curvilinear fibrils. For such birefringent networks there is a condition ρ(r 1 ) − ρ(r 2 ) = 0. Thus, the set of other values of SCP modulus |S i=3;4 (Δx, Δy)| is formed.
Quantitatively, this scenario appears in the redistribution of |S i=3;4 (Δx, Δy)| values in the entire range 0 ≤ |S i=3;4 (Δx, Δy)| ≤ 1 (see Fig. 2 and Fig. 3, fragments (2) , (6)).
Additionally, the comparative intergroup analysis revealed the correlation coherence increment of polarization states at the points of images of diabetic samples. Analytically it was indicated by the reduction of half-width of histograms N (|S i=3;4 (Δx; Δy)|) of the modulus |S i=3;4 (Δx; Δy)| values distributions of the boundary field of diabetic kidney (see Fig. 2 and Fig. 3 fragments (6) ).
The statistical structure of SCP phase maps is different. The value of Arg(S 3;4 (Δx, Δy)) (see Fig. 4 and Fig. 5 , fragments (1), (5)) is simultaneously determined by the degree of coordinate coherence of parameters ρ(r) and the value of phase shift δ(r) between the orthogonal components of the amplitude of the laser radiation. It follows from the data analysis of relations that extreme values of Arg(S 3 (Δx, Δy)) → 0 and Arg(S 4 (Δx, Δy)) → 0.5π are determined by fulfillment of these orientation and phase conditions Δr = 2 μm → ( ρ(r 1 )≈ρ(r 2 ); δ (r 1 )≈δ (r 2 )
) (see Table I ). Quantitatively, it is manifested in the prevailing probability of forming the values of histograms N (Arg(S 3 (Δx, Δy)) = 0) and N (Arg(S 4 (Δx, Δy)) = 0.5π) (see Fig. 4 and Fig. 5, fragments (2), (6) ). However, this mechanism is not the only one. The phase shift value is also changes because of the difference in size of birefringent collagen fibrils and their curvilinearity.
So, both of this factors has an influence on the wide range of SCP phase values (0 ≤ Arg(S i=3;4 (Δx, Δy)) ≤ 0.5π) in polarization-inhomogeneous image of the kidney histological section.
Intergroup analysis showed the decrease of the average and dispersion values characterizing the distributions of SCP phase Arg(S i=3;4 (Δx; Δy)) of polarization-inhomogeneous image of diabetic kidney samples (see Fig. 4 and Fig. 5 fragments  (2), (6) ).
From a physical point of view, the changes of the statistical structure of SCP-maps of polarization-inhomogeneous images for the kidney samples of both types can be explained by the fact that the pathological state (diabetes) is accompanied by the destruction of the organ tissue [4] , [7] , [18] , [19] , [24] , [26] , [27] . Optically, this process leads to the destruction of polycrystalline kidney structure while small-scale optically anisotropic structure remains intact. Thus, the polarization image uniformity of these tissues increases. Quantitatively, it is results in the increase of the probability of extreme values of |S i=3 (Δx; Δy)| = 0; |S i=4 (Δx; Δy)| = 1 and Arg(S i=3 (Δx; Δy)) = 0; Arg(S i=4 (Δx; Δy)) = 0.5π in the distributions of the values of SCP modulus and phase. Therefore, higher order statistical moments that characterize the asymmetry and excess of SCP modulus and phase distributions of the images of the sick kidneys sample are changed by the following scenario It was determined in cases of the Stokes-correlometry mapping that the experimentally measured SCP-maps (|S i=3;4 (Δx, Δy)| and Arg(S i=3;4 (Δx; Δy))) have fractal or multifractal structure. The approximating lines of the logarithmic dependences log J(|S i=3;4 (Δx, Δy)|) − log(d −1 ) and log J(Arg(S i=3;4 (Δx, Δy))) − log(d −1 ) are either straight or broken with two inclination angles (see Fig. 2-Fig. 5 , fragments (4), (8)). It follows from the comparative analysis of these dependences that the distributions of their values are characterized by a specific value of dispersion D f (equation (32)). The smallest one is observed for a polarization-inhomogeneous image of the kidney tissue affected by diabetes. From a physical point of view, it can be related to peculiarity of geometric sizes of the structural elements of SCP-maps which are reduced due to degradation of optical anisotropy of the pathologically changed kidney. The potentiality of Stokes-correlometry differentiation of the two kidney groups is quantitatively illustrated by the data presented in Tables II and III. The procedure for differentiating specimens of histological sections of the kidney tissue consisted of: i) calculation of the set of objective parameters (1), (5), histograms (2), (6) autocorrelation functions (3), (7), logarithmic dependences of power spectra (4), (8)) of SCP modulus |S i = 3 (Δx; Δy)| of polarization-inhomogeneous images of histological sections of a healthy ( (1), (2), (3), (4)) and pathologically changed ( (5), (6), (7), (8)) rat liver. See explanations in the text. (1), (2), (5), (6)) and pathologically changed ( (3), (4), (7), (8) Fig. 7 show the SCP-maps of the distributions of modulus values (S i=3 (Δx; Δy)) and (S i=4 (Δx; Δy)) of microscopic images of liver parenchymatous tissue of the healthy and diabetic rats (21 days). Whereas, in Fig. 8 and Fig. 9 SCPmaps of the distributions of phase values Arg(S i=3 (Δx; Δy)) and Arg(S i=4 (Δx; Δy)) of microscopic images for the liver samples of the healthy and diabetic rat (21 days) are presented.
The combined analysis of the structure of SCP modulus |S i=3;4 (Δx; Δy)| and phase Arg(S i=3;4 (Δx; Δy)) of polarization-inhomogeneous fields liver samples of both healthy and diabetic types showed the same patterns for optically anisotropic manifestations of diabetes, as those found in the previous studies of the kidney images (see Fig. 6-9 ).
The differences between the statistical, correlation and fractal parameters describing the coordinate maps of SCP modulus and the phase of polarization-inhomogeneous images for liver samples are quantitatively illustrated in Tables IV and V. The obtained data analysis revealed the following differences between the set of objective parameters characterizing the maps of SCP modulus of polarization-inhomogeneous images of kidney histological sections of the healthy and diabetic rat: (1), (2), (3), (4)) and pathologically changed ( (5), (6), (7), (8) The most sensitive data are marked with * in Tables VI  and VII. Comparing the results of statistical, correlation and fractal analyses of the maps of SCP modulus and phase of polarizationinhomogeneous images of the structured (kidney) and parenchy- matous (liver) rat tissues, significant sensitivity to the changes in optical anisotropy of the "islet" parenchymatous structures has been found; the values of the objective parameters has a 2-fold difference.
To determine the Stokes-correlometry diagnostic efficiency the obtained results were compared with the data obtained by conventional laser polarimetry for the same samples.
V. STOKES-CORRELOMETRY APPROACH
The Stokes-correlometry method of SCP modulus |S i=3;4 (Δx; Δy)| and phase Arg(S i=3;4 (Δx; Δy)) distributions of polarization-inhomogeneous images was compared with the that of polarization mapping of the azimuth and ellipticity values distributions for the corresponding microscopic images of kidney (Table VI) and liver (Table VII) samples (two healthy and two diabetic groups of rats, respectively).
The complex study showed significantly greater accuracy for the methods of Stokes-correlometry in the differentiation of weak changes in optical anisotropy of histological sections of the structured (94% ≤ max Ac ≤ 98%) and parenchymatous (90% ≤ max Ac ≤ 92%) biological tissues of internal organs of healthy and diabetic rats.
VI. CONCLUSION
A new diagnostic approach based on determination of the spatial distributions of the modulus and phase of 'two-point' Stokes-vector parameters of polarization-inhomogeneous images of histological sections of biological tissues with different morphological structures and physiological states has been introduced. The SCP-mapping of microscopy polarization images of two groups (normal and diabetic samples) of biological tissues with the structured collagen birefringent fibrillar networks (kidney), and with the 'islet' isotropic-anisotropic structure (liver) were examined. The combined use of statistical, correlation and fractal analysis of spatial distribution of 'singlepoint' azimuth and ellipticity and 'two-point' Stokes-vector parameters of polarization images of histological sections demonstrated the high accuracy (Ac ≥ 90%) in diagnosis of optical anisotropy variations within biological tissues.
